Abstract The effectiveness of protected area management is a major concern. In Taï National Park, Côte d'Ivoire, recurrent human pressure challenges the ability of law enforcement authorities to protect wildlife. During - we studied the implementation of law enforcement in the Park to determine () the potential for improvement of the protection of large mammals and () the minimum patrolling effort needed to obtain increases in their populations. We recorded presence of large mammals and illegal activities in two areas within the Park, the research area ( km  ) and the rest of the Park (, km  ), and compiled data about patrolling efforts from the Park authorities. Using a generalized linear mixed model we identified a relationship between increased patrolling effort and the relative abundance of large mammals, especially for monkey groups, pygmy hippopotamuses Choeropsis liberiensis and duikers. At low patrolling efforts duiker encounter rates remained stable, whereas rates of encounter with monkey groups and pygmy hippopotamuses decreased. Chimpanzee Pan troglodytes verus encounter rates were slower to respond and remained stable at higher patrolling effort, but decreased at low patrolling effort. Our findings suggest that a minimum of . patrol days per km  over  years is required for chimpanzee and monkey populations to increase, whereas a patrolling effort of . days per km  over  years would lead to an increase in duiker and pygmy hippopotamus populations. We maintain that the patrolling effort required to ensure an increase in wildlife can be estimated relatively precisely from multi-year biomonitoring programmes.
Introduction
T he sustainable management of natural resources is a major concern given the rapidly increasing human population and the associated per capita increase in consumption of natural resources (Struhsaker et al., ) . The threats are particularly important in tropical countries (Whitmore & Sayer, ; Dobson et al., ) where management resources are insufficient for effective conservation action (Leader-Williams & Albon, ; Jachmann, ). Many conservation biologists and environmentalists agree that the establishment and management of protected areas is an effective way to protect biodiversity (Myers et al., ; Bruner et al., ; Struhsaker et al., ) , and since the s many developing countries have established national parks and nature reserves to prevent exploitation of their natural resources (Leader-Williams & Albon, ). To ensure adherence to restrictions imposed on local communities around protected areas, and increase the effectiveness of protection, law enforcement measures such as ranger patrols are one of the key options adopted (Leader-Williams et al., ; Jachmann, a,b; N'Goran et al., ; Tranquilli et al., , ; Gandiwa et al., ; Critchlow et al., ) . Nevertheless, overexploitation of natural resources occurs in protected areas (Bleher et al., ; Hilborn et al., ; Gavin et al., ; Critchlow et al., ) and threatens the survival of some resident animal species (Junker et al., ) . All the threats to protected areas have a common denominator, namely human population pressure (Harcourt, Wich et al., ) , with a continuingly increasing growth rate (Brashares et al., ; Wittemyer et al., ) . Given the persistent threat to wildlife, law enforcement effectiveness has been assessed for a number of protected areas, and recommendations provided for its improvement. For example, in the Queen Elizabeth Conservation Area in Uganda, Critchlow et al. (, ) determined the probability of occurrence of various types of illegal activities, and proposed improved patrol strategies to increase the efficiency of detecting illegal activities. Likewise, a study in the Greater Virunga Landscape of Central Africa highlighted a method that can improve law enforcement, resulting in a cost-efficient prevention of illegal activities (Plumptre et al., ) .
In Côte d'Ivoire no such assessment had been carried out previously, and the level of threat in protected areas, particularly in Taï National Park, remains high, with studies indicating that declines in some mammals, including elephants Loxodonta cyclotis, chimpanzees Pan troglodytes verus and monkeys, are associated with increasing human pressure (Hoppe-Dominik et al., ; N'Goran et al., ) . A law enforcement initiative established in  has suffered from financial difficulties and the post-electoral crisis during -, although the presence of research and ecotourism camps in the park has provided some protection for monkey and duiker populations (Köndgen et al., ; Campbell et al., ; Hoppe-Dominik et al., ; N'Goran et al., ) . In  patrol frequencies were increased in a  km  research area, which has one of the highest densities of primates globally (McGraw et al., ) , whereas in the rest of the Park the previous level of law enforcement was resumed in  after the post-electoral crisis.
Here we evaluate the relationship between anti-poaching patrols in Taï National Park and the relative abundance of  large mammal species: the duikers Philantomba maxwellii, Cephalophus niger, Cephalophus zebra, Cephalophus dorsalis, Cephalophus ogilbyi, Cephalophus jentinki and Cephalophus silvicultor; chimpanzees; pygmy hippopotamuses Choeropsis liberiensis; elephants; and the monkeys Cercopithecus campbelli campbelli, Cercopithecus diana diana, Cercopithecus petaurista buettikoferi, Cercopithecus nictitans stampflii, Cercocebus atys atys, Procolobus verus, Colobus polykomos polykomos and Piliocolobus badius badius. We predicted that the relative abundance of large mammals would increase over time in areas with high patrolling effort compared to areas with low patrolling effort. We also predicted that there would be a minimum patrolling effort necessary to bring about an increase in a taxon's relative abundance. We aim to elucidate the quantitative impact of law enforcement and to offer lessons learned from Taï National Park to facilitate the development of effective biodiversity management policy in protected forest areas throughout the tropics.
Study area
Taï National Park comprises c. , (Fig. ) . The climate is characterized by variable rainfall, with total annual precipitation of ,-, mm (Brou, ) , and mean annual temperature of -°C; humidity can reach % at night.
Methods

Sampling design and data collection
We collected data on mammals (Supplementary Table S) in the research area during January -March , using  -km line transects (Fig. ) . Given the difficulty of observing duikers, pygmy hippopotamuses, elephants and chimpanzees directly along transects, we focused on signs of their presence (dung, footprints, nests; Supplementary Material ). For monkeys, we recorded vocalizations and direct observations. We also recorded evidence of illegal activity along transects. To increase the time interval covered by our analysis we included data collected during September -July  (Campbell et al., ) . The Wild Chimpanzee Foundation and l'Office Ivoirien des Parcs et Réserves provided data from the rest of the Park, which were collected on  transects (Fig. ) following the same methods (N'Goran et al., ; Supplementary Material ).
Data on anti-poaching patrols, which occurred during -, were extracted from monthly reports of patrol missions conducted by the rangers of Brigade Mobile throughout the Park. From the reports we determined the patrolling effort in the -year period prior to each data collection event, and included it in the model as test predictor (Supplementary Material ).
Other covariates
We expected the relative abundance of large mammals to be influenced also by other covariates, including ecological factors such as vegetation type and rainfall (White, ; Blom et al., ) , spatial factors such as the distance to the edge of the park and the distance to the research/ecotourism camps (Köndgen et al., ; Campbell et al., ; Hoppe-Dominik et al., ; N'Goran et al., ) , and the encounter rate of illegal activities (Supplementary Material ).
Data analysis
We hypothesized that the relative abundance of all five taxa would be influenced by patrolling effort over time. To test this hypothesis we fitted a generalized linear mixed model (Baayen, ) with Poisson error structure and a log link function (McCullagh & Nelder, ) . The model included the three-way interaction between the test predictor (patrolling effort), the predictor 'Julian date' (i.e. the number of days elapsed since  January ) and the predictor 'species' (factor with five levels: chimpanzee; elephant; pygmy hippopotamus; duikers, all species pooled; and monkeys, all species pooled). The reasoning for including this interaction was that we were interested in understanding how varying levels of patrolling effort affected species' relative abundance over time and how these changes differed among taxa. To control for their potential effects, we included the following in the model: the area type (research area or rest of the Park), the encounter rate of illegal activities, the distance to the border of the Park, the distance to the research/ecotourism camp, the percentage of primary forest, and rainfall (Supplementary Table S ). The transect ID was included as a random effect to account for repeated sampling.
Prior to fitting the model we inspected the distributions of the quantitative predictors, square-root transformed patrolling effort, distances to the border and the camps, and rainfall, and log transformed illegal activity, to avoid skewed distributions and influential cases. To enhance interpretability of the model we subsequently z-transformed all quantitative predictors (including date) to a mean of zero and a standard deviation of one (Aiken et al., ; Schielzeth, ). To keep the error level at the nominal level of % we fitted the model with an almost maximal random slopes structure (Schielzeth & Forstmeier, ; Barr et al., ) ; i.e. random slopes of patrolling effort, Julian date, species (including their interactions), and illegal activities within transect ID. To include the random slopes of species and the interactions, we manually dummy-coded species and included the dummy variables and products representing the interactions into the random slopes structure of the model (see Supplementary Material  for the full model formula). To keep computation time at an acceptable level, we did not include correlations among the random intercept and random slopes components in the model (neglecting such correlations is known not to inflate the type I error rate; Barr et al., ) . To control for varying transect lengths, we included the lengths of transects (log transformed) as an offset term in the model (McCullagh & Nelder, ) . Autocorrelation and collinearity were assessed, and unlikely to hamper inference, and we found the model to be stable (Supplementary Material ) .
We fitted the model in R v. .. (R Development Core Team, ) using the function glmer of the package lme (Bates et al., ) . As an overall test of the effect of the test predictor (patrolling effort) and the interactions in which it was involved, we compared the full model as described above with a null model lacking the fixed effects of patrolling effort, the three-way interaction and also the two-way interactions of patrolling effort with species and with Julian date (Forstmeier & Schielzeth, ; see Supplementary Material  for the null model formula), using a likelihood ratio test (R function anova with argument test set to Chisq) (Dobson, ). P-values for the individual effects were based on likelihood ratio tests comparing the full model with a reduced model (Barr et al., ) lacking the effect, using the R function drop. The sample size for this model was , data points (, counts for each taxon on a total of  transects walked - times; median = , mean = .).
We also expected a minimum patrolling effort needed to keep a given species or taxon at a stable encounter rate. To determine this minimum patrolling effort we used parametric bootstrapping of the response based on the model results. The model was identical to the full model with the exception that we excluded all terms (fixed and random effects) including patrolling effort, as this was constant per bootstrapped data set. Conducting , such bootstraps we were able to determine confidence intervals for the effect of date on encounter rate, for each taxon and for varying levels of patrolling effort (for details see Supplementary Material ).
Results
Effects of patrolling effort on the relative abundance of large mammals
During - mean encounter rates of duiker and monkey groups throughout the whole Park were estimated Effects of anti-poaching patrolsto be . and . signs per km, respectively. Encounter rates of chimpanzees were ., pygmy hippopotamuses ., and elephants . signs per km. The mean patrolling effort in the  years prior to each transect survey was calculated to be . days per km  during the study period.
Overall, the test predictor 'patrolling effort' had a clear impact on the response variable 'encounter rate' (likelihood ratio test comparing the full model and the null model lacking the test predictor: χ  = ., df = , P , .). More specifically, we found the three-way interaction between patrolling effort, date and species to be clearly significant (likelihood ratio test comparing the full model and the reduced model lacking the interaction: χ  = ., df = , P , .; Table  ). Inspection of the results revealed that the encounter rate of chimpanzees decreased over time when patrolling effort was low but increased slightly when it was high (Fig. ) . For pygmy hippopotamuses the encounter rate increased over time with higher patrolling effort and decreased with lower patrolling effort (Fig. ) . For elephants the encounter rate increased slightly over time with lower patrolling effort and decreased slightly when patrolling effort was high (Fig. ) . These last two results need to be considered with caution, given the overall low encounter rates. With regard to duikers, encounter rate increased slightly over time when patrolling effort was low and increased clearly over time when it was high. For monkey groups the encounter rate decreased over time when patrolling effort was lower and increased when it was higher (Fig. ) .
Concerning the control predictors, we found that overall encounter rate increased with increasing distance from the Park border, and decreased with increasing distance from the research camp and in areas with higher proportions of primary forest (Table ) . Furthermore, encounter rate decreased with increasing illegal activity, whereas rainfall and area did not have an obvious effect ( Table ) .
Thresholds of patrolling effort needed to ensure stabilization or increase of mammal populations
The bootstrapped estimates for the effect of date, conditional on a particular species and a particular value of patrolling effort, indicated that chimpanzee and monkey group encounter rates decreased significantly over time even with patrolling efforts of up to . and . days per km  per  years, respectively, and increased only with patrolling effort of at least . patrol days per km  per  years (Fig. ) . With regard to duikers, patrolling effort of up to . days per km  per  years was associated with only a slight, non-significant increase in their encounter rate; however, when patrolling effort increased to at least . patrol days per km  per  years the encounter rate increased significantly (Fig. ) . For elephants the encounter rate increased significantly even at low patrolling effort of . days per km  per  years but decreased slightly beyond . patrol days per km  per  years, although the decrease was not significant (Fig. ) . For pygmy hippopotamuses, the encounter rate decreased significantly at patrolling effort of up to . patrol days (Fig. ) .
Discussion
The key aspect of our study was to determine how patrolling effort affected the relative abundance of large mammals both spatially and temporally. We found that frequent active patrols in the Park had a positive effect, confirming the effectiveness of this conservation intervention. We found that changes in encounter rates of the focal taxa/species over time depended on patrolling effort, and that the particular pattern of this dependency, in relation to their life history traits and sensitivity to human pressure, varied between the five taxa. Chimpanzee encounter rates decreased over time in areas where patrolling effort was relatively low, and stabilized only at higher patrolling effort, highlighting the vulnerability of this species in areas that are less protected, and subject to a high level of human pressure (Kormos et 
Effects of anti-poaching patrols 473
N'Goran et al., ; Tweh et al., ). Given the species' low reproductive rate, any demographic shock caused by poaching will have a long-lasting effect on the size of the population. In Taï National Park, for example, the mean age of chimpanzees at first parturition is . years and the mean inter-birth interval is . years, with one infant per birth (Boesch & Boesch-Achermann, ) . Thus, more effort over a longer time period than the study duration would be necessary to evaluate the precise rate of population recovery and to observe a positive change in relative abundance. The bootstrapping results indicate that a minimum of . patrol days per km  per  years is required to induce an increase in chimpanzee encounter rate. However, the mean patrolling effort for the whole Park was . days per km  per  years. This suggests that if (Fig. ) during -, as a function of patrolling effort (patrol days per km  per  years). Negative values along the y-axis indicate that the relative abundance decreased over time. The point at which the dashed line intersects the horizontal line indicates the patrolling effort at which the change in relative abundance shifted from negative to positive. The results of the bootstrap are shown by the error bars: these indicate the confidence interval of the effect on the relative abundance over time for a given patrolling effort. Where these confidence intervals do not overlap the horizontal line, the effect of patrolling effort on relative abundance is significant. the patrolling effort remains the same the chimpanzee population will continue to decrease. We therefore recommend that the patrolling effort be increased by . times to ensure the persistence of the chimpanzee population.
In contrast, we found pygmy hippopotamuses required less patrol effort for population stability. Bootstrapping results indicated that a minimum effort of . days per km  per  years would suffice to ensure a population increase, suggesting that this species will remain stable if patrolling continues at the current level. The pygmy hippopotamus is difficult to hunt, given its relatively low population density and cryptic behaviour, and difficult to carry over long distances, as attested by some hunters. Taï National Park is home to at least % of the global pygmy hippopotamus population (Roth et al., ) .
The results for elephants contradicted our predictions, indicating a slight decrease in encounter rate with high patrolling effort, although it was not significant. The rarity of data could be a factor limiting the interpretation of this result. Another probable explanation is that the elephant population density is too low to make hunting them worthwhile. This would explain why the presence of poachers or rangers had so little effect. During - an encounter rate of . signs per km was estimated for the whole Park (N'Goran, ). Our estimation during the study period was . signs per km, confirming the stability of this species, but at a low encounter rate. Moreover, N'Goran () found the population to be unevenly distributed, with elephants occurring in the centre and south-west of the Park only, and no evidence of their presence in the north and east, which have experienced long-term hunting pressure (Allport et al., ; Boesch & Boesch-Achermann, ). Even in the research area, where other mammals benefit from the long-term presence of researchers (Köndgen et al., ; Campbell et al., ; N'Goran et al., ) , elephant signs were found at a low relative abundance (. signs per km) throughout the study period.
Duikers and monkeys, the most abundant large mammals in the Park, were affected positively by patrolling effort, as predicted. The monkey encounter rate decreased and the duiker encounter rate remained stable when patrolling effort was low, but both increased with higher patrolling effort. Our bootstrapping results show that monkeys (. patrol days per km  per  years) required . times more patrolling effort than duikers (. patrol days per km  per  years) be-
fore showing an increase in encounter rate. This could be attributable to a difference in susceptibility to hunting between the two taxa. Monkeys live in diurnally active social groups that make considerable noise, making them easily detectable, whereas duikers are mostly solitary, and secretive, and hence more difficult to hunt (Bodmer et al., ; Fitzgibbon et al., ; Muchaal & Ngandjui, ; Lwanga, ) . This logic is supported by our finding of similar patterns in terms of the relationship between patrolling effort and encounter rates for chimpanzees and monkeys, both of which taxa are diurnal, social and gregarious. The variation in techniques used to hunt monkeys and duikers is probably driven by these differences in behaviours. Duikers are hunted mostly at night (because of their predominantly nocturnal activity patterns) using shotguns and most often snares (Noss, a,b; Wilkie & Carpenter, ; Bahuchet, ; Kümpel, ) , whereas monkeys are hunted most often during the day using shotguns (Bahuchet, ; Kümpel, ; Kümpel et al., ) . This suggests that limited diurnal patrolling may be more effective in removing snares placed at night than deterring day-time hunting with shotguns. It is important to consider the dynamics of hunting pressure, which is likely to respond to the temporal and spatial patterns of patrols. The availability of mobile phone technology in the region has exacerbated this problem by facilitating the rapid relaying of information among poachers, and thus helping them to avoid law enforcement patrols. Another point to highlight is that the high reproduction rate of some duiker species means they can adapt and maintain their population viability in threatened areas (e.g. the blue duiker Philantomba monticola in Kibale National Park, Uganda; Hart, ; Lwanga, ). Hence, monkey populations seem to be more affected than duikers in areas with low patrolling effort. The current level of patrolling effort throughout Taï National Park is sufficient to ensure an increase in the duiker populations, but not for the eight species of diurnal monkeys, which would require a patrolling effort similar to that needed to ensure an increase in the chimpanzee population. Our results also indicated other factors that influenced the relative abundance of large mammals. The presence of research and tourist camps was found to have a positive effect, whereas illegal activities had a negative effect, as shown in previous studies (Campbell et al., ; Hoppe-Dominik et al., ; N'Goran et al., ) . However, despite the apparent positive effect, research and ecotourism camps could also make some large mammals more vulnerable because of their habituation to human presence, and increase the risk of disease transmission between people and wildlife (Köndgen et al., ) if appropriate measures are not undertaken. The distance from the edge of the forest was also found to influence mammal distribution (Campbell et al., ) . Most of the large mammals were more common in the core of the Park than on the periphery. However, this result is not supported by findings from Katavi National Park, in Tanzania (Kiffner et al., ) . An important distinction in the case of Taï National Park, however, is that the eastern edge was degraded in the s by plantations. At the start of the study period most of these plantations had already been abandoned following an earlier intervention by the Park authorities, which led to the restoration of bush and herbaceous vegetation. Our model has shown that encounter rates for large mammals were high in areas with a high proportion of primary forest, as reported by Hoppe-Dominik et al. () , and were similar in the research area and the rest of the Park, as well as in the rainy and dry seasons.
Overall, our findings indicate that the permanent presence of rangers in the Park is critical to protect wildlife populations and keep illegal activities under control. Given that most studies dealing with law enforcement effectiveness are long-term studies (Leader-Williams et al., ; Hilborn et al., ; Gandiwa et al., ), we recommend the continuation of the ecological monitoring project to assess the ability of large mammals to repopulate areas where their abundance has declined, in response to adjustment of the patrol effort.
Our findings also indicate that if patrolling effort is not high enough, wildlife populations will continue to decrease in the face of increasing human pressures. However, we also believe that other factors, such as changing people's behaviour through awareness raising, are also important to consider for wildlife protection (Kouassi et al., ) . We have used a novel approach, collecting data on wildlife and illegal activity independently of patrolling data; however, the measure we used to estimate patrolling effort is coarse and does not take into account the precise location of patrols. We had planned to use global positioning system track-logs as a proxy for patrolling effort, but these were removed from the analyses because of errors and inconsistencies in application by some rangers during patrols. Moreover, the detection probability of species was not addressed explicitly, which could potentially lead to biases. However, we believe that the independence of the two types of data collected and the randomness of transects taken into account in the analysis support the reliability of our inferences. We emphasize the necessity for sufficiently high patrolling effort to ensure the stability of species with low reproductive rates (e.g. chimpanzees) and species facing high hunting pressure (e.g. diurnal monkeys). The situation will vary among protected areas, however, depending on the unique dynamics of the species community and the targets and intensity of hunting pressure. He is an expert in conservation biology, environmental education and community empowerment. C H R I S T O P H E B O E S C H is a primatologist with interests in various aspects of the biology of chimpanzees and the evolution of their cognitive and cultural abilities. He also focuses on biodiversity conservation issues.
Biographical sketches
